There is increasing evidence that vestibular disorders evoke deficits reaching far beyond imbalance, oscillopsia and spatial cognition. Yet, how vestibular disorders affect own-body representations, in particular the perceived body shape and size, has been overlooked. Here, we explored vestibular contributions to own-body representations using two approaches. Study 1 measured the occurrence and severity of distorted own-body representations in 60 patients with dizziness and 60 healthy controls using six items from the Cambridge Depersonalization Scale. 12% of the patients have experienced distorted own-body representations (their hands or feet felt larger or smaller), 37% reported abnormal sense of agency, 35% reported disownership for the body, and 22% reported disembodiment. These proportions were larger in patients than controls. Study 2 aimed at testing whether artificial stimulation of the vestibular apparatus produced comparable distortions of own-body representations in healthy volunteers. We compared the effects of right-warm/left-cold caloric vestibular stimulation (CVS), left-warm/right-cold CVS and sham CVS on internal models of the left and right hands using a pointing task. The perceived length of the dorsum of the hand was increased specifically during left-warm/right-cold CVS, and this effect was found for both hands. Our studies show a vestibular contribution to own-body representations and should help understand the complex symptomatology of patients with dizziness.
Introduction
Research in neuroscience has highlighted the role of vestibular signals in functions that reach far beyond the control of eye movements and posture. To cite only a few of them, vestibular signals have been involved in spatial cognition and memory, affective control, mood, decision-making, perspective taking, awareness, and bodily self-consciousness (for recent reviews see [1, 2] ). This apparent omnipotence of the vestibular system implies that damage to the vestibular receptors and vestibulo-thalamo-cortical pathways may evoke a large spectrum of perceptual and cognitive disorders.
Indeed, how vestibular disorders affect own-body representations, in particular, the perceived body shape and size, have been widely overlooked, despite anecdotal reports since the nineteenth century (reviewed in [3] ). Bonnier [4] and Schilder [5] , for example, collected cases of patients whose body felt enlarged or smaller, whose self appeared strange or unreal, or who felt disembodied during vertigo crises. These This manuscript is part of a supplement sponsored by the German Federal Ministry of Education and Research within the funding initiative for integrated research and treatment centers.
seminal descriptions paved the way to the study of depersonalization-derealization (DD) symptoms in otoneurological patients. DD combines the experience that the self appears strange or unreal, as if one is an outside observer of oneself, with the sensation that the environment is strange or unreal. Studies found that DD is more frequent and more severe in patients with dizziness than in healthy controls [6] [7] [8] . Yet, to date, we are lacking measurements of the occurrence and severity of distorted own-body representations in patients with dizziness.
In our previous studies, we proposed that distorted ownbody and self representations may result from a perceptual incoherence due to a failure to coherently integrate vestibular signals with somatosensory and visual signals about one's own body configuration, orientation and movement [3, 8] . This proposition is supported by neuroimaging studies showing that several areas involved in own-body and self representations-such as the temporo-parietal junction, insula, intraparietal sulcus, premotor and cingulate cortexintegrate vestibular signals with somatosensory and visual signals [9] . These areas could be the neural correlate of these perceptual conflicts.
Studies have endeavoured to test this hypothesis by interfering with the neural bases of own-body representations using artificial vestibular stimulation in neurologically normal individuals. These studies yielded results that partially diverge. While some authors found that caloric vestibular stimulation (CVS) and galvanic vestibular stimulation (GVS) modified the perceived size of the hands and thighs [10, 11] , others found no effect [12] . Similarly, different results have been found regarding the effects of CVS and GVS on ownership for real and fake body parts [12, 13] . In addition to this, the comparison of left vs. right CVS and GVS in tasks measuring body representations produced equivocal results [12] [13] [14] .
Here, we explored vestibular contributions to own-body representations using two approaches. Study 1 measured the occurrence of distorted own-body representation in otoneurological patients. Study 2 tested whether artificial vestibular stimulation could similarly distort own-body representations in healthy volunteers. As there is a right hemispheric dominance for vestibular information processing [15] , we compared the effects of left vs. right CVS on internal models of the left and right hand.
Materials and methods

Study 1: distorted bodily representations in patients with dizziness
Participants
In this observational study, we included 60 patients suffering from dizziness and vertigo (40 females; mean age ± SD 50.9 ± 14.6 years): 47 patients had peripheral vestibular disorders including benign paroxysmal positional vertigo (BPPV), Meniere's disease, perilymphatic fistula, or other acute unilateral vestibular disorders, as the most common aetiology. Two patients had central forms of dizziness, one had somatoform dizziness, and one had dizziness of another origin. The origin of dizziness was unknown in nine patients. Depending on the symptoms, otoneurological examination included videonystagmographic examination of spontaneous, positional and head-shaking test nystagmus, pendular rotatory test and caloric test, video head impulse test (VHIT), cervical vestibular-evoked myogenic potentials (cVEMPs), and MRI. Patients were compared to 60 age-and gender-matched controls with no history of otoneurological and psychiatric disorders. Table 1 summarizes the socio-demographic characteristics of the two populations. The institutional Ethics Committee (Hôpital Européen, CEDP-HE16.03) approved all procedures.
Patients and controls were matched for age, gender, education level, employment status and alcohol consumption, whereas they differed with respect to their marital status and smoking habits (Table 1) . At the time of the examination, 80% of the patients presented with a spontaneous nystagmus (n = 14), positional nystagmus (n = 34) and/or head-shaking nystagmus (n = 32). Objective sign of vestibular dysfunction was evidenced by decreased gain of the horizontal vestibulo-ocular reflex (VHIT gain < 0.8), decreased caloric vestibular response (deficit > 25%), and absent or asymmetrical cVEMPs, in 87% of the patients who received these tests.
Data recording and analysis
The same otoneurologist recruited all patients and controls, and the same procedures were explained to both groups. Patients filled out the Cambridge Depersonalization Scale [16] , which includes 29 items introduced as follows: This questionnaire describes strange and 'funny' experiences that normal people may have in their daily life. We are interested in their: (a) frequency, i.e., how often have you had these experiences [since you had dizziness for the first time (patients)/over the last 6 months (controls)]; and (b) their approximate duration. For each item, participants indicated the frequency of the experience on a scale ranging from 0 ("never") to 4 ("all the time"), and its duration on a scale from 1 ("few seconds") to 6 ("more than a week"). For each item, the global score (sum of the frequency and duration) ranged from 0 to 10. Although we have presented global analyses elsewhere [8] , here we analyse items measuring distortions of the body schema, body ownership, agency and disembodiment (Q3, Q12, Q20, Q23, Q24 and Q27; Fig. 1 ). Multivariate analyses of variance (MANOVAs) were calculated (IBM SPSS Chicago, IL, USA) to clarify how several aspects of the vestibular pathology influence DD. Scores for Q3, Q12, Q20, Q23, Q24 and Q27 were the dependent variables, and the presence of a nystagmus, positive VHIT, positive caloric test, abnormal VEMPs and migraine, were fixed factors.
Study 2: measurement of hand representation in healthy participants
Participants
The data were obtained from 16 healthy, right-handed participants (9 females; mean age ± SD 23.8 ± 6.6 years). The Ethics Committee of the Faculty of Human Sciences, University of Bern, approved experimental procedures. All participants gave written informed consent.
Caloric vestibular stimulation
We used CVS with a constant air flow injected into the auditory canals through a short plastic tube (Airmatic II, GN Otometrics, Taastrup, Denmark; see detailed procedures in [10] ). Warm air (47 °C) was injected in one ear and at the same time cold air (20 °C) was injected in the opposite ear. Bilateral CVS as opposed to unilateral CVS has the advantage that it better corresponds to the physiological responses during real head rotations, and it is thus a less conflicting stimulation. To control for unspecific (attentional, tactile and auditory) effects of CVS, we applied a sham CVS-a constant air flow at body temperature (37 °C) simultaneously in both ears. This produces identical test conditions, but with no vestibular stimulation.
After the experiment, we monitored eye movements during 45 s of CVS and sham CVS by videonystagmography (eVNG, BioMed, Jena, Germany) [10] . The nystagmus was not recorded, but the experimenter controlled that CVS evoked a nystagmic response. We included in the final analysis only those participants who exhibited a clear nystagmus during CVS. No nystagmus was evoked by sham CVS.
Localization task
Participants were blindfolded and their left or right hand was positioned palm down under a digitizing tablet on a table in front of them, so that their hand was aligned with their mid-sagittal body plane (adapted from [10, 17] ). Participants were asked to locate five anatomical landmarks on the dorsal surface of their left or right hand: the knuckle of the little finger, the knuckle of the middle finger, the knuckle of the index finger, the tip of the middle finger and the wrist. Each landmark was initially shown to the participant. Participants indicated the location of the landmarks using a stylus and the digitizing tablet recorded the x-and y-coordinates the participants were pointing to.
The localization of anatomical landmarks was conducted during one session of left-warm/right-cold CVS, one session of right-warm/left-cold CVS and one session of sham CVS, for both the left and right hand, presented in a counterbalanced order across participants. Participants performed the pointing task when lying backwards in a reclined position and while receiving CVS. For each CVS condition and each hand, participants judged the location of the five anatomical landmarks in separate blocks. Each block consisted of pointing consecutively ten times to the same anatomical landmark. The order in which they had to locate the landmarks was randomized across participants. For each participant, we calculated the mean x-and y-coordinates of the perceived position of each landmark. We calculated the perceived length of the dorsum of the hand (Euclidean distance between the knuckle of the middle finger and the wrist), the width of the hand (Euclidean distance between the knuckle of the little finger and the knuckle of the index finger) and the length of the middle finger (Euclidean distance between the tip and knuckle of the middle finger). After each CVS condition, participants were turned back to the upright position for 5 min of rest.
Subjective reports
Participants filled out a questionnaire designed to evaluate vertigo/illusory self-motion and side effects after each session of CVS and sham stimulation (from [13, 14] ). They reported the magnitude of their sensations on a 7-point scale ranging from 0 ("absent") to 6 ("severe"). The effectiveness of CVS was furthermore assessed by the same participants filling-out the Cox and Swinson DD questionnaire [18] after each session of CVS and sham CVS [10] . This questionnaire was chosen as it is shorter than the Cambridge Depersonalization Scale [16] . Participants rated the intensity of 28 items using a 5-point scale ranging from 0 ("does not occur") to 4 ("very severe"). 
Results
Study 1: distorted bodily representations in patients with dizziness
As shown in Fig. 1a , patients with dizziness responded positively more frequently to questionnaire items related to bodily disorders than the healthy controls. In particular, they experienced bodily disorders more frequently, and for a longer duration ("more than a week" for some patients), than did healthy controls (all of them experienced DD never or rarely, for a few seconds to a few minutes only). Figure 1b , c shows that only few patients (12%) explicitly reported experiencing distortions of their body schema (i.e., the feeling that their hands or feet have become larger or smaller; Q12). Yet, the proportion of patients reporting this was significantly higher than in controls (two samples z test for proportion: z = 2.84, P = 0.004). In addition, intensity of this sensation was significantly stronger in patients than controls (Mann-Whitney test, U = 1620, z = − 2.19, P = 0.041). About one-third of the patients reported abnormal agency (i.e., the feeling of not being in charge of their actions, Q24). More patients experienced abnormal agency (z = 4.64, P < 0.0001) with stronger intensity than controls (U = 1301, z = − 3.49, P < 0.0001). Importantly, more patients reported abnormal body ownership (Q3) than healthy controls (z = 5.81, P < 0.0001), and the intensity of body "disownership" was significantly higher in patients than controls (U = 1239.5, z = − 4.21, P < 0.0001). Feelings of "disembodiment" were more pronounced in patients compared to controls (Q23; z = 3.72, P = 0.0002) and with stronger intensity (U = 1483.5, z = − 2.81, P = 0.002). Moreover, more patients experienced touch as depersonalized (Q27; z = 3.30, P = 0.0001) with stronger intensity (U = 1620, z = − 2.50, P = 0.027) compared to controls. Ownership for touch (Q20) had similar intensity between patients and controls. In conclusion, our results indicate that vestibular disorders precipitate distortions of the body schema, abnormal sense of agency and of body ownership, as well as sensations of being disembodied. This is surprising since questions about bodily disorders are not part of the clinical routine, and the patients we tested were not preselected on the basis of previous reports. Further research is necessary to better investigate whether distortions of the body schema occur systematically under particular clinical and perhaps personality-based preconditions. Using Pillai's trace in the MANOVAs, there was no significant effect of the nystagmus on DD scores (V = 0.10, F 5,52 = 1.0, P = 0.44), suggesting no influence of oscillopsia. In addition, there was no significant effect of migraine (V = 0.17, F 6,48 = 1.63, P = 0.16), abnormal VHIT (V = 0.27, F 6,26 = 1.59, P = 0.19), VEMPs (V = 0.13, F 6,20 = 0.49, P = 0.81), and caloric test (V = 0.15, F 6,23 = 0.69, P = 0.66) on DD. (Fig. 2b) . The perceived length of the hand was significantly increased during left-warm/right-cold CVS when compared to sham CVS (P = 0.0017, two-sided paired t test) and to right-warm/ left-cold CVS (P = 0.04). There was also a significant effect of Hand [ Questionnaire data analysis revealed that the type of CVS modulated the intensity of vertigo/illusory self-motion (Friedman's ANOVA, P = 0.003) (Fig. 2c) . The intensity of vertigo was significantly stronger during right-warm/leftcold CVS (Wilcoxon signed-rank test: Z = 2.75, P = 0.006) and left-warm/right-cold CVS (Z = 3.03, P = 0.002) when compared to sham CVS. Vertigo was similar during right and left CVS (Z = 0.70, P = 0.48), indicating that the reported difference between left and right CVS on hand size perception cannot be accounted for by differences in the intensity of CVS-evoked vertigo. Interestingly, there was no significant effect of the type of CVS on general discomfort (Friedman's ANOVA, P = 0.096) and nausea (P = 0.341), ruling out unspecific effects of CVS on the perceived hand size (Fig. 2c) . The analysis of the DD questionnaire revealed an overall main effect of the type of CVS (P = 0.001) (Fig. 2d) . DD scores were significantly higher during right-warm/leftcold CVS (Z = 2.68, P = 0.007) and left-warm/right-cold CVS (Z = 3.17, P = 0.002) when compared to sham CVS. Total scores of DD were similar during right and left CVS (Z = 0.60, P = 0.55). Finally, we found no significant correlation between the distortions of hand size perception during right-warm/left-cold CVS or left-warm/right-cold CVS and the intensity of illusory self-motion, as well as, no correlation with DD scores.
Study 2: measurement of hand representation in healthy participants
Discussion
Study 1
We assessed distortions of own-body representations in patients with dizziness: 12% of the patients experienced their hands or feet have become larger or smaller. This is, to our knowledge, the first attempt to quantify the occurrence of perceived own-body distortions in vestibular patients. Other questionnaires have assessed the "strangeness" or "numbness" of the body [6] , but we specifically asked for metric properties of body parts (Q12) [16] . We found cases of patients with dizziness whose body distortions extended to the neck, face, or entire body [4, 5, 8, 19] . Altered size of perceived body parts is reminiscent of asomatognosia (macrosomatognosia/hyperschématie; microsomatognosia/ Vertigo General discomfort Nausea hyposchématie [4] ) encountered in neurological disorders, such as Alice in Wonderland syndrome, migraine, stroke and epilepsy. Distortions of the body schema are also commonly observed during limb anaesthesia, with illusions of swelling, elongation or shortening of the limbs [20] . Interestingly, distortions of own-body representations do not only arise from central lesions or somatosensory deficits but also from vestibular disorders.
Our results indicate that distortions of own-body representations were less frequent in vestibular disorders than abnormal agency, body ownership and disembodiment. More than one-third of the patients experienced abnormal agency and body ownership, confirming older case reports and group analyses indicating that vertigo can distort bodily self-consciousness [4] [5] [6] [7] 21] . Agency and ownership are both deemed crucial to establish a minimal sense of self, as the self is considered the agent of the action ('I' have moved or 'I' have been moved) and ownership over the body provides a sense of 'mineness'. We note that there has been to date no direct, objective, measure of the vestibular contribution to agency. By contrast, there is evidence in healthy participants that GVS influences illusory ownership over a fake hand [12, 13] , and this again suggests a tight connection between vestibular input and hand representation. In addition, our data show that over 20% of the patients reported the feeling of being outside of their body. A recent prospective study in 210 patients with dizziness showed that 14% of them reported having had an out-of-body experience, a proportion significantly higher than in healthy controls [8] . As vestibular sensations are frequently associated with out-ofbody experiences [8] , and because vestibular stimulation in healthy controls modulate the anchoring of the visuospatial perspective to the body [22] , vestibular signals should play a central role in anchoring the self to the body.
To account for distorted own-body representations, agency, body ownership and disembodiment in our patients, we propose that vestibular disorders create multisensory conflicts and perceptual incoherence, reshaping bodily experiences [3, 10] . This proposition is supported by a large body of data indicating that multisensory conflicts-especially between visual and somatosensory signals-can evoke mislocalization of the self and ownership over another body in healthy participants (reviewed in [9] ). Another potential cause of distorted own-body representation is migraine. Despite a trend for higher proportion of migraine in our patients with dizziness than in controls (as reported previously [23] ), we found no relation between migraine and the severity of DD. Future investigations should compare DD in patients with vestibular migraine and other forms of migraine. From a clinical perspective, these findings are relevant and demonstrate that-unlike current practices in conventional clinical routines-signs of distorted body representations can be an important source of information, for diagnostics and rehabilitation alike. The underlying mechanisms, however, can be more rigorously investigated by means of experimental paradigms in healthy participants. The purpose of the second study was to test whether artificial stimulation of the vestibular apparatus produced comparable distortions of own-body representations in healthy participants.
Study 2
We show that left-warm/right-cold CVS increased the perceived length of the dorsum of the hand. These data confirm that vestibular signals are important for constructing a coherent model of the body. Along this line, Schönherr and May [11] showed that cold CVS decreased the estimated thigh width, but did not show a difference between left and right CVS. Our data indicate distortions restricted to the length of the dorsum of the hand, and no effect on the hand width and length of the finger. Similarly, Ferrè et al. [24] showed that during GVS touches applied to the dorsum of the hand, but not to the fingers, were mislocalized towards the wrist, i.e., along the proximal-distal axis. Similar to our study, which found no effect on hand width, these authors [24] found no effect of GVS for the ulnar-radial axis.
Another important finding of our present study was the dominant effect of left-warm/right-cold CVS on the body schema. This finding is coherent with a dominant effect of left-cathodal GVS reported for the localization of touch on the hand [24] , mislocalization of the hand during the rubber hand illusion [12] , and mental own-body imagery [14] . Other studies have reported opposite results, with a Fig. 2 Influence of caloric vestibular stimulation on the internal model of the body. a Schematic depiction of the perceived hand size calculated after participants pointed repeatedly to the tip and knuckle of their middle finger, the knuckle of their little finger, the knuckle of their index finger, and their wrist. The average Euclidean distance between these five anatomical landmarks is represented by black lines for the left hand and orange lines for the right hand on a picture of a left hand. For all types of CVS the perceived hand representation was characterized by shortened middle fingers and broadened dorsum of the hand. Left-warm/right-warm CVS increased the perceived size of both hands. b The mean perceived length of the dorsum of the hand, hand width and middle finger length is represented for each type of CVS. Although a main effect of vestibular stimulation was found only for the length of the hand, it is represented for the hand width and finger length for illustration purpose. Error bars represent the standard error of mean. *P < 0.05, two-sided paired t test. c Box-and-Whisker plots illustrate the intensity (0 = absent; 6 = severe) of vertigo/illusory self-motion, general discomfort and nausea reported after each block of stimulation. The top and bottom ends of the whisker represent the 95th and 5th percentiles of the distribution, the horizontal line inside the box represents the median, the black cross represents the mean.
#
Differences with respect to sham CVS (P < 0.05, two-sided Wilcoxon signed-ranks test). d Total score of DD measured with the Cox and Swinson's questionnaire [18] after each block of stimulation. Same conventions as for part C ◂ dominance of right-cathodal GVS for illusory ownership over a fake hand [13] and embodiment [22] , or found no dominance of left vs. right vestibular stimulation. Thus, more studies are needed to understand whether there is a functional asymmetry of the vestibular system for own-body representations, and whether this asymmetry is task specific. If we consider that a common set of brain areas processes vestibular information and underpins own-body representations, our results may suggest a more extensive overlap of areas activated by left-warm/right-cold CVS with areas involved in own-body representations. For example, activation of the parietal operculum and insula was more bilateral after left than right vestibular nerve stimulation [25] . Thus, left vestibular nerve stimulation is likely to interfere more with bilateral structures involved in own-body representations, including the secondary somatosensory cortex, temporo-parietal junction and posterior insula [26] . In the same vein, there is evidence that left vestibular deafferentation is more likely to impair the egocentric reference frame [27] . Finally, we found no interaction between the type of CVS and the hand tested. This lack of predictable directional effects may be related to the fact that CVS interacts with internal models of the body harbored in bilateral secondary somatosensory areas, and temporo-parietal junction, where somatosensory receptive fields are large and bilateral. Functional neuroimaging revealed ipsilateral pathways from the peripheral somatosensory system and, interestingly, colocalization of touch and vestibular processing in the bilateral secondary somatosensory cortex [28, 29] .
Limitations
A first limitation of study 1 is that it relies on self-report assessment. It can be difficult for patients to verbalize the phenomenology of their dizziness symptoms. A second limitation is the heterogeneity of the aetiologies included. This is due to the prospective nature of our study, reflecting the recruitment of patients with dizziness in a specialized ENT-otoneurological centre. The sample of our study does not allow to compare the effects of different categories of vestibular disorders on own-body representations. Yet, our data allow to conclude that, overall, patients with dizziness are more prone to distorted own-body representations. In addition, our data indicate that clinical findings, such as the presence of nystagmus, migraine or impaired semicircular canal functions, do not predict the severity of DD. Future prospective studies should investigate in large samples of patients whether acute vs. chronic vestibular disorders, unilateral vs. bilateral vestibular disorders, or whether disorders characterized by a vestibular loss vs. a paroxysmal vestibular irritation, are more likely to precipitate DD.
Conclusions
Both studies show a vestibular contribution to internal models of the body. We believe that the present work helps understand the complex symptomatology of patients with dizziness, who present with deficits reaching far beyond the well-known imbalance and oscillopsia, including alterations of the most fundamental aspects of the self.
